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EXECUTIVE  SUMMARY 


The  review  of  cryogenic  mechanical  and  thermal  properties  presented  here  is 
part  of  a  broader  National  Institute  of  Standards  and  Technology  (NIST)  program 
to  assess  new  high-strength  Al-Li  alloys  for  use  in  the  cryogenic  tankage  of 
the  Advanced  Launch  System  (ALS) .  This  program  is  sponsored  by  the  Air  Force 
Systems  Command,  Astronautics  Laboratory,  Edwards  Air  Force  Base,  with  Bao 
Nguyen,  Task  Manager.  It  is  part  of  the  Materials  and  Process  Validation 
(3101)  of  the  Structures,  Materials,  and  Manufacturing  (3000)  portion  of  the 
ALS  Advanced  Development  Program. 

Since  the  purpose  of  the  NIST  program  has  been  to  assess  the  relative 
suitability  of  high-strength  Al-Li  alloys  and  alloy  2219  for  use  in 
ALS  cryogenic  tanks,  data  on  Al-Li  alloys  8090,  2090,  WL049,*  and  Al  alloy  2219 
have  been  included  in  the  survey.  A  table  of  alloy  composition  limits  follows 
this  introduction.  Properties  covered  in  this  survey  are  tensile  strength, 
yield  strength,  elongation,  fracture  toughness,  elastic  constants,  specific 
heat,  thermal  conductivity,  and  thermal  expansion. 


*  The  WL049  alloy  does  not  have  a  generic  specification  at  this  time,  and 
is  commonly  termed  WELDALITE  049.  Trade  names  are  furnished  to  identify  the 
material  adequately.  Such  identification  does  not  imply  recommendation  or 
endorsements  by  NIST,  nor  does  it  imply  that  the  materials  identified  are 
necessarily  the  best  available  for  the  purpose. 
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Composition  Limits  for  Al-Li  Alloys  and  Alloy  2219  in  wt% . 


ALLOY 

Elements 

8090 

2090 

WL049 

2219 

Cu 

1 . 0-1 . 6 

2. 4-3.0 

4.0-6. 3 

5 . 8-6 . 8 

Li 

1. 1-1.1 

1 . 9-2 . 6 

1.3 

Mg 

0 . 6-1 . 3 

0.25 

0.4 

0.02 

Zr 

0.04-0.16 

0.08-0.15 

0.14 

0.10-0.25 

Si 

0.20 

0.10 

0.20 

Fe 

0.30 

0.12 

0.30 

Ti 

0.10 

0.15 

0.03 

0.02-0.10 

Cr 

0.10 

0.05 

Zn 

0.25 

0.10 

0.10 

Ag 

0.4 

Mn 

0.10 

0.05 

0.20-0.40 

Others ,  each 

0.05 

0.05 

Others ,  total 

0.15 

0.15 

Al 

Remainder 

Remainder 

Remainder 

Remainder 
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1 .  TENSILE  PROPERTIES 


1.1.  Introduction  to  Graphs 

In  general,  only  measurement  sets  that  included  cryogenic  data  were  included 
in  the  graphs  and  tables.  However,  some  ambient  temperature  values,  such  as 
the  producers'  typical  values,  are  presented.  The  horizontal  scale  of  the 
graphs  was  extended  to  600  K  because  some  cryogenic  data  sets  also  included 
measurements  at  temperatures  above  ambient  and  it  was  considered  useful  to 
present  the  additional  information.  When  available,  data  are  provided  in  Che 
following  orientations:  longitudinal  (L) ,  transverse  (T) ,  45*  from  the  rolling 
direction,  and  through- thickness  (S).  The  graphs  show  data  for  the  T8  temper 
for  all  the  alloys.  Additional  graphs  are  provided  for  the  T3  temper  for 
alloys  8090,  WL049,  and  2219,  and  the  T6  temper  for  alloy  WL049.  The  graphs 
are  organized  in  decending  order  by  temper  for  each  alloy. 

All  tensile  property  data  points  shown  graphically  are  listed  and  referenced 
in  the  tables  following  the  graphs.  A  reference  number  is  provided  in  the 
legend  of  each  graph.  Two  formats  are  used  in  the  tensile  property  tables:  1) 
data,  and  2)  test  parameters,  including  further  documentation.  The  data  tables 
present  temperature  and  tensile  properties,  including  reduction  of  area  (not 
presented  in  the  graphs).  This  is  followed  by  information  on  orientation, 
temper,  product  form  and  thickness,  thermomechanical  processing,  grain  size, 
hardness,  number  of  tests  per  data  point,  and  a  reference  and  note  number.  The 
reference  and  note  number  (which  corresponds  to  the  reference  number  on  the 
graphs)  is  a  guide  to  the  accompanying  test  parameter  table.  The  test 
parameter  table  gives  information  on  the  strain  rate  during  testing;  specimen 
type,  dimensions,  and  location;  exposure  time  at  test  temperature  (available 
chiefly  for  data  above  ambient  temperature);  supplier;  year  produced;  lot 
number;  product  dimensions;  and  chemistry.  Note  that  the  tables  are  ordered  by 
temper,  starting  with  T8  tempers  and  ending  with  T3  or  annealed  (0)  tempers  for 
each  orientation.  Some  cryogenic  data  is  presented  in  the  tables  but  not  in 
the  graphs;  for  example,  data  on  the  T4  temper  of  alloy  2090.  A  list  of 
comments  follows  the  tensile  data  table  and  the  test  parameter  table  for  each 
alloy  where  necessary. 

Much  of  the  cryogenic  data,  especially  on  current  production  vintages  and 
tempers,  are  from  recent  measurements  at  the  National  Instltite  of  Standards 
and  Technology  (NIST),  under  sponsorship  of  the  Advanced  Launch  System  (ALS) 
program.  A  forthcoming  report^  includes  more  detailed  information  on 
measurement  techniques,  stress-strain  curves,  and  microstructure .  The  NIST 
data  are  denoted  by  solid  square  and  solid  diamond  symbols  on  the  graphs.  A 
smooched  line  connects  the  NIST  data  points  corresponding  to  tempers  under 
consideration  for  use  in  the  ALS  program.  The  position  of  the  line  and  the 
indicated  temperature  dependence  generally  are  based  on  measurements  made  on 
two  specimens  at  4,  20,  76,  and  295  K.  The  material  in  the  NIST  program  was 
usually  12.7-mm  (0.5-in)  plate;  and  only  ultimate  tensile  strength  measurements 
were  obtained  from  tests  in  the  S  orlentaion. 

The  four  graphs  of  alloy  2219 -T8  data  in  the  L  and  T  orientations  for 
tensile  yield  strength  and  ultimate  tensile  strength  Include  dashed  lines. 

These  lines,  labeled  MIL-HNBK-5E,  were  derived  from  curves  presented  in  Figures 
3.2.6.41(a)  and  (b)  of  that  handbook^  which  give  cryogenic  values  as  a 
percentage  of  the  room  temperature  value  for  ultimate  and  yield  strengths, 
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respectively.  The  room  temperature  values  used  to  obtain  the  curves  on  our 
graphs  for  ultimate  and  yield  strengths  came  from  Table  3.2.6.0(b)  in  the  MIL- 
HNBK-5E  handbook.  These  values  are  "A  basis"  minimums  and  indicate  that  99%  of 
the  data  should  fall  on  or  above  the  curve,  with  a  confidence  level  of  95%. 
(Please  note  that  this  information  is  also  provided  on  the  graphs  by  the 
asterisked  footnote.) 

It  is  apparent  that  99%  of  the  cryogenic  data  do  not  fall  on  or  above  the 
handbook -derived  minimtun  line  for  temper  T87 .  We  do  not  have  a  complete 
explanation  for  why  this  occurred.  It  is  to  be  expected  that  the  solid 
squares,  temper  T851,  consistently  would  fall  below  the  line.  Very  thick  plate 
results  frequently  fall  below  the  line.  The  "A  basis"  value  does  not  pertain 
to  plates  of  these  thicknesses.  At  thicknesses  of  100-125  mm  the  "A  basis" 
line  would  fall  21  and  14  MPa  lower  for  ultimate  and  yield  strengths, 
respectively,  in  the  T  orientation.  No  value  is  provided  for  thicker  plate  in 

the  L  orientation. 
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R*f  4  Product  Aslng  Aging  Soln.  Tcaat.  No.  of 
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Ho.  K  HP*  MPa  X  X  Fora  ms  *C  h  X  ‘C  h  Cond.  pm  Data  Ft 
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293  313.  aA3.  7.9  6.5  L  T8771  Rollad  Plat*  25.<i-50.8  179  96.  4-6  545 
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Raf  4  Pioduct  Asing  ARlng  Soln.  Traat.  No.  of 

Mata  Ta•^>.  T.S.  Y.S.  Elong.  R.A.  Orlant.  Tanpar  Product  Tblcknaaa  Tamp.  Tima  Stratch  Tamp.  Tima  Quanch  Grain  Slxa  Hardnaaa  Taats/ 

No.  K  HPa  MPa  Z  Z  Form  an  *C  h  Z  ‘C  h  Cond.  pm  Data  Pt 
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7S2.  4J3.  12.  a.S  T  TSISI  Rolled  Plata  12.7 
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243.  20.4  36.9  T  T3  Rolled  Plate  12.?  HA  HA  2  NA  NA  NA  NA  118. 
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Comments  from  the  Al-Li  Alloy  809C  Data  Table 

Reference  and 
Note  Number 

3A—B- -Temper  T851  appears  to  be  T8771,  and  is  reported  here  as  such. 
5C--Cold  work  is  in  compression. 

8A- -Values  reported  are  "typical"  properties. 

9A- -Values  reported  are  "minimum"  properties. 
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Comments  from  the  Ai-Li  Alloy  8090  Test  Parameter  Table 

Reference  and 
Note  Number 

3A-B- -Reported  composition  is  based  on  typical  values. 

4A- -Reported  composition  is  based  on  nominal  values. 

5A—C- -Reported  composition  is  the  average  of  the  range  provided  for  in  the 
Lockheed  requirements . 

8A- -Reported  composition  is  based  on  nominal  values. 

9A—B- -Reported  composition  is  the  average  of  the  range  provided  for  in  the 
Lockheed  requirements. 
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Conunents  from  the  Al-Li  Alloy  2090  Data  Table 

Reference  and 
Note  Number 

13A- -Values  reported  are  "typical"  properties. 

13C- -Values  reported  are  "minimum"  properties. 

13E- -Values  reported  are  "minimum"  properties. 


14A- -Value 

reported 

is 

the 

average 

of 

the 

range 

of 

grain 

sizes 

14B- -Value 

reported 

is 

the 

average 

of 

the 

range 

of 

grain 

sizes 

15A- -Value 

reported 

is 

the 

average 

of 

the 

range 

of 

grain 

sizes 
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Al-Ll  ALLOY  20B0 


5A 


Comments  from  the  Al-Ll  Alloy  2090  Test  Parameter  Table 


Reference  and 
Note  Number 


llA- -Reported  composition  is  based  on  nominal  values. 

13A—C- -Reported  composition  is  the  average  of  the  minimum  and  maximum 
values . 

14A- -Reported  composition  is  based  on  nominal  values. 
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200  300  400  500 

TEMPERATURE.  K 


ULTIMATE  TENSILE  STRENGTH,  ksi 


TEMPERATURE, 


WL049-T6 


TENSILE  YIELD  STRENGTH,  ksi 
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TEMPERATURE, 


TEMPERATURE. 
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TEMPERATURE. 


ULTIMATE  TENSILE  STRENGTH,  ksi 
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200  300  400  500  600 

TEMPERATURE,  K 
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TEMPERATURE, 


R«f  &  Product  Aging  Aging  Soln.  Tract.  No.  of 

Hoto  Taap.  T.S.  Y.S.  Elong.  E.A.  Oriant.  Ta^>ar  Product  Thlcknaaa  Taap.  TIm  Stratch  Taaq>.  Tiffla  Quanch  Grain  Slxa  Uardnaaa  Taats/ 

No.  K  HPa  HPa  I  X  Fora  ■■  *C  h  X  *C  h  Cond.  pa  Data  Pt 
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ISA  7;  840.  783.  7.8  MA  L  T8  Extrudad  Bar  19.05 


R«(  4  Product  Aging  Aging  Soln.  Treat.  Hu.  of 

Hot*  Taap.  T.S.  V.S.  Cioijg.  R.A.  Orient.  Teoper  Product  Thickness  Tsaip.  Tlsia  Stretch  Temp.  Time  Quench  Grsln  Site  Hscdness  Tests/ 

Ho.  R  MPa  HPs  X  Z  Form  ass  'C  h  X  ‘C  h  Cond.  urn  Data  Pt 


673.  736.  10.3  11.  L  T631  Rollad  Plsti 


8i9.  700.  11.4  11.7  L  T3S1  Rollad  Flat*  12.7 
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295  637,  592.  11.  27.  T  1851  Rolled  Pl*t«  12.7 


R«f  4  Product  Aslns  Agint  Soln.  Treat.  No.  of 

Nota  Taai|>.  T.S.  Y.S.  Elon(.  R.A.  Orient.  Taaper  Product  Thickneea  Taeip.  TIbm  Stretch  Taeap.  Tina  Quench  Grain  Site  Hardnaaa  Taata/ 

Ho.  K  MPa  MPa  Z  X  Pom  nn  *C  h  X  *C  h  Cond.  pn  Data  Pt 
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*S««  CofOBMntt 


R«f  &  Strain  Spaciaan  Expo  Major  Elasanta 

Hota  Rata  Typa  Dlaa  Thick  G.L.  Spaciaan  Tlaa  Suppllar  Tr.  Lot  Product  LI  Cu  He  Zr  SI  Fa  As  Minor  Elaaanta 

Ho.  10*t/a  aa  an  aa  Location  aln  Prod.  Ho.  L(b)  X  M(a)  wtX  wtS 
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R«f  4  Strain  Spaclaan  Expo  Major  Elaaanta 

Hota  Rata  Typa  Dlaa  Thick  G.L.  SpaclMn  Tlaa  Supplier  Tr.  Lot  Product  LI  Cu  Mg  Zr  SI  Fa  Ag  Minor  Elaaanta 

Mo.  10'4/a  BB  aa  aa  Location  aln  Prod.  No.  L(a)  X  H(a)  wtX  wtZ 
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Comments  from  the  Al-Li  Alloy  WL049  Test  Parameter  Table 

Reference  and 
Note  Number 

18B- -Reported  composition  is  based  on  nominal  values. 

13E- -Reported  composition  Is  based  on  nominal  values. 

18F- -Reported  composition  Is  based  on  nominal  values. 

19A-C- -Reported  composition  is  based  on  nominal  values. 
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4  Product  Aclng  Aflng  Soln.  Tcaat.  Ho.  of 

Koto  Taap.  T.S.  Y.S.  Elong.  R.A.  Oclant.  Taapar  Product  Thlcknoas  Taop.  TIm  Stratch  Taoip.  Tloia  Oianch  Grain  Slza  Hardnaaa  Taata/ 

No.  K  HPa  MPa  X  X  Fora  aa  *C  h  X  ‘C  h  Cond.  pa  Data  PL 
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2.  FRACTURE  TOUGHNESS 


2,1.  Introduction  to  Graphs 

Fracture  toughness  data  at  room  temperature  are  presented  (with  few 
exceptions)  only  when  measurements  at  cryogenic  temperatures  are  part  of  the 
data  set.  Thus,  only  data  on  CT  (compact  tension)  specimens  are  presented 
in  this  review.  These  data  are  currently  available  because  measurements  are 
relatively  easy  to  carry  out  in  conventional  cryostats  compared  with  wide-panel 
center-crack  or  part- through  crack  tests.  Most  of  the  measurements  on  current 
production  vintages  and  tempers  were  carried  out  during  the  last  year  at  NIST. 
These  measurements  are  discussed  more  fully,  Including  fracture  mode  and 
microstructural  considerations,  in  another  NIST  report^  on  comparative 
cryogenic  mechanical  properties.  A  figure  showing  the  possible  specimen 
orientations  with  respect  to  the  rolling  direction  preceeds  the  graphs  of 
fracture  toughness  data.  The  fracture  toughness  is  presented  graphically  both 
as  a  function  of  temperature  and  as  a  function  of  yield  strength. 

All  graphical  data  are  presented  and  referenced  in  tables  following  the 
graphs.  The  properties  presented  in  the  data  tables  are  the  fracture  toughness 
and  yield  strength,  along  with  temper,  product  information,  thermomechanical 
processing,  grain  size,  hardness,  number  of  tests  per  data  point,  and  the 
reference  and  note  number.  The  reference  and  note  number  is  a  guide  to  the 
accompanying  test  conditions  table,  which  gives  information  on 
the  specimen  type  and  dimensions,  precrack  conditions,  existance  of  side 
grooves  or  multiple  specimens,  invalidating  criterion,  chemistry,  and 
proceedures,  including  the  test  standard  used.  A  list  of  comments  follows  the 
fracture  toughness  data  table  and  the  fracture  toughness  test  conditions  table 
for  each  alloy  where  necessary. 

NIST  is  currently  engaged  in  a  program  to  expand  the  cryogenic  fracture 
toughness  database  by  testing  102-mm  (4.0-in)  panels  with  part-through  cracks. 
The  type  of  fracture  toughness  data  presented  in  this  new  program  is  determined 
by  design  needs  of  the  ALS  program,  where  these  alloys  are  under  consideration 
for  use  in  cryogenic  tankage.  Generally,  a  leak  is  equivalent  to  failure,  so 
part-through  cracks  in  wide  panel  testing  are  more  relevant  than  center-crack 
tests.  Wide  panel  testing  at  temperatures  of  20  and  4  K  is  quite  limited,  and 
there  are  no  data  to  report  at  present. 
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Conunents  from  the  Al-Li  Alloy  8090  Data  Table 


Reference  and 
Note  Niimber 

9A- -Values  reported  are  "minimum"  properties. 
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Comments  from  the  Al-Li  Alloy  8090  Test  Conditions  Table 


Reference  and 
Note  Number 

9A- -Reported  composition  is  the  average  of  the  range  provided  for  in  the 
Lockheed  requirements . 
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Comments  from  the  Al-Li  Alloy  2090  Data  Table 

Reference  and 
Note  Number 

37B- -Value  reported  is  a  proposed  minimum  value. 

13A- -Value  reported  are  "minimum"  properties. 
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Comments  from  the  Al-Li  Alloy  2090  Test  Conditions  Table 

Reference  and 
Note  Number 

llA- -Reported  composition  is  based  on  nominal  values. 

13A- -Reported  composition  is  the  average  of  the  minimum  and  maximum  values. 
18A- -Reported  composition  is  based  on  nominal  values. 
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Comments  from  the  Al-Li  Alloy  WL049  Data  Table 


Reference  and 
Note  Number 

IJ-K- -Values  reported  are  the  average  of  the  range  of  grain  sizes. 
18A—E- -Under  the  supplier  column,  M.M.  —  Martin  Marietta. 
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3 .  ELASTIC  CONSTANTS 


3.1.  Introduction  to  Graphs 

3.1.1.  Temperature  Dependence 

Cryogenic  elastic  constant  data  are  available  only  for  2090-T81  (Young's 
modulus,  E,  and  Poisson's  ratio,  u)  and  2219-T87  (E,  i/ ,  bulk  modulus,  B,  and 
shear  modulus,  G) .  These  data  are  presented  as  a  functions  of  temperature  in 
four  graphs  and  a  table  following  this  discussion.  The  reason  that  different 
values  of  E  (77.7  and  74.7  GPa)  were  obtained  for  2219-T87  at  ambieixt 
temperature  in  the  same  laboratory  is  not  understood.  It  is  likely  that  the 
values  reported  in  the  earlier  measurements  are  too  systematically  too  high, 
but  the  temperature  dependence  has  not  been  remeasured.  (A  later  measurement 
at  room  temperature  gave  a  value  of  74.8  GPa.)  The  value  given  in 
MIL-HNBK-5E^  for  E  for  alloy  2219  plate  is  72.4  GPa.  There  is  considerable 
disagreement  in  the  literature  about  the  correct  value  of  E  at  ambient 
temperature  for  pure  Al  and  therefore,  for  Al  alloyed  with  small  (^  5%)  amounts 
of  other  elements  (see  Section  3.1.2.  below).  Because  there  is  so  much 
uncertainty  in  the  literature,  and  because  so  little  cryogenic  data  are 
available,  a  table  of  ambient- temperature  values  of  elastic  constants  from 
various  sources  for  the  Al-Li  alloys  8090,  2090,  and  WL049 ,  and  alloy  2219 
follows  the  presentation  of  the  cryogenic  data.  After  a  value  of  E  at  ambient 
temperature  is  chosen,  the  following  equation  may  be  used  to  estimate  values 
for  4  K  5  T  <  295  K: 

E(T)  -  E(295  K)  [1.1  +  1.2  x  lO'^T  -  4.0  x  lO'^T^  +  1.1  x  lO'^T^  (1) 

-  1,2  X  lO-i^T^] 

Values  derived  from  Equation  (1)  should  be  used  with  caution  because  it  is 
based  on  the  one  set  of  measurements  available  for  2090.^^ 

3.1.2.  Effects  of  Alloying  Elements.  Cold  Work,  and  Other  Factors 

Several  sets  of  static  measurements  are  available  on  the  increase  in  E  with 
alloying  additions  of  Li  and  Mg;®®  and  Li  and  Cu.®^  References  38  and 

39  give  66  and  62  GPa,  respectively,  as  the  ambient  temperature  value  of  E  for 
high  purity  Al.  Measured  values  of  E  for  Al-2%Li  were  79  GPa®®  and  73  GPa.®^ 

E  was  found  to  be  82  GPa®^  for  Al-2024— 2%Li .  The  composition  of  Al-alioy  2024 
(4.5Cu,  1.5Mg,  0.6Mn)  is  very  similar  to  the  composition  of  Al-alloy  2219 
(5.8— 6.8Cu,  0.2— 0.4Mn).  However,  values  of  E  for  pure  Al  in  the  literature 
derived  from  the  single  crystal  elastic  constants  measured  by  dynamic  methods 
are  usually  about  10%  higher  than  the  values  in  these  two  references,®®’®^ 
averaging  around  70  to  72  GPa.  (Values  of  Al-Li  and  Al-Cu-Li  alloys  would  be 
expected  to  be  correspondingly  higher.)  Reed^®  presents  a  table  of  Al  single¬ 
crystal  elastic  constants  from  several  sources  and  uses  the  average  of  these 
constants  to  calculate  an  E  of  70.4  GPa.  The  calculation  is  based  on  a  formula 
presented  by  Hill^^  in  the  early  1950s.  The  discrepancy  between  values 
calculated  from  single-crystal  elastic  constants  using  the  Hill  formula  and 
static  measurements  of  Noble®®  was  noted  by  Muller  et  al.,^^  but  the 
explanation  advanced,  microplasticity,  may  not  be  sufficient  to  explain  such  a 
large  disparity  in  the  values.  To  validate  his  formula.  Hill  used  a  set  of 
measurements  on  elastic  constants  of  four  common  elements  (including  Al)  whose 
origin  is  not  well -documented.  Several  dynamic  measurements^® not  based 
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on  single-crystal  elastic  constants  and  the  Hill  formula  give  about  70  GPa  for 
E  of  pure  Al.  This  disagrees  with  values  of  66,  64,  and  65  GPa  obtained  by 
static  measurements'^^  on  commercially  pure  Al  (99.5%)  as  well  as  the  values 
quoted  above, which  are  also  derived  from  static  measurements. 

Differences  between  static  and  dynamic  measurements  should  be  only  about  a 
percent, and  so  the  discrepancy  should  not  be  attributable  to  dissimilar 
measurement  techniques.  The  Hill  formula  is  frequently  employed  in  the 
literature  of  basic  science  to  calculate  polycrystalline  elastic  constant 
values  from  single-crystal  measurements.  However,  to  our  knowledge,  it  has  not 
been  tested  against  carefully  evaluated  measurements  on  polycrystalline 
specimens  of  a  wide  variety  of  elements.  Furthermore,  the  disagreement  of 
predicted  values  of  E  with  static  measurements  (commonly  used  in  the  aerospace 
industry)  has  not  been  widely  recognized. 

A  calculation  by  Wawra^®  for  Al  gives  a  directional  dependence  for  E  of  pure 
Al,  such  that  Em  -  73.8  GPa  and  E^qO  ”  63.2  GPa,  which  is  approximately  the 
size  of  the  discrepancy  in  the  measurements.  Most  polycrystalline  Al  is 
probably  not  strongly  textured,  however,  and  texture  has  not  been  reported  with 
the  measurements  of  E.  Warwa'*°  also  reports  a  decrease  of  E  of  up  to  =«3%  over 
a  range  of  cold  work  from  0  to  100%.  Decreasing  the  purity  of  the  Al  from 
99.99  to  99.6%  increased  E^®  by  about  3%  to  a  value  of  72.8  GPa.  These  latter 
effects  do  not  appear  large  enough  to  explain  the  discrepancy. 

Varying  the  aging  time  of  Al-Li  alloys  also  has  an  effect  on  E.^^  Effects 
were  less  than  2%  for  aging  temperature  of  230,  210,  and  190  “C  with  aging 
times  of  up  to  1000  h.  This  work  was  carried  out  on  a  binary  Ai-2.5wt%Li  alloy 
using  an  ultrasonic  measurement  technique.  Another  recent  paper^^  also 
presents  results  of  aging  treatment  and  specimen  thickness  on  E  and  other 
elastic  constants  of  2090-T8E50  as  a  function  of  the  angle  from  rolling 
direction.  Effects  again  are  small,  “2—3%,  but  the  anisotropy  in  E  can  be  as 
much  as  6%  at  45®  from  the  rolling  direction. 
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TEMPERATURE. 


Road  77*°:  2219  (38mm  plate) 
Ledbetter  90*^  2219  (25.4mm  plate) 
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TEMPERATURE. 


Density  and  Elastic  Constants  of  Al-Li  Alloys  and  Alloy  2219  at  Ambient  Temperature 


Alloy 

Density , 
kg/m^ 

X  10^ 

Young' s 
Modulus , 

E.  GPa 

Shear 
Modulus , 

G.  GPa 

Bulk 
Modulus , 

B.  GPa 

Poisson' s 
Ratio,  j/ 

Ref. 

No. 

Method 

of 

Analysis 

8090-T8771 

.  . 

79.3 

•  « 

•  • 

0.292 

5 

1 

2090-T81 

2.60 

79.65 

30.28 

71.83 

0.3152 

51 

2 

2090-T81 

2.59 

78.28 

29.65 

72.56 

0.320 

37 

2 

2090-T8E50 

78.60 

47 

2 

2090-T83 

73.3 

0.35 

36 

1 

WL049-T851 

2.71 

76.60 

28.83 

74.46 

0.3285 

51 

2 

WL049-T851 

2.70 

77.9 

52 

2 

2219-T87 

2.82 

74.46 

27.79 

77.45 

0.3398 

51 

2 

2219-T87 

77.4 

29.1 

75.8 

0.330 

33 

2 

1  Static  measurement. 

2  Dynamic  measurement . 
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Elastic  Constants  of  Al-Li  Alloys  and  Alloy  2219  at  Low  Temperatures. 


Alloy 

Temp . , 

K 

Young' s 
Modulus , 

E,  GPa 

Shear 
Modulus , 

G,  GPa 

Bulk 
Modulus , 

B,  GPa 

Poisson' s 
Ratio,  u 

Ref. 

No. 

Method 

of 

Analysis 

2219 

0 

85.7 

32.5 

78.7 

0.318 

50 

2 

100 

84.5 

32.0 

78.4 

0.320 

50 

2 

200 

81.2 

30.6 

77.2 

0.325 

50 

2 

300 

77.4 

29.1 

75.8 

0.330 

50 

2 

2219 

298 

74.5 

27.8 

77.5 

0.340 

51 

2 

2090 

298 

79.7 

30.3 

71.8 

0.315 

51 

2 

2090 

5 

87.8 

0.307 

37 

2 

10 

87.7 

0.307 

37 

2 

15 

87.7 

0.307 

37 

2 

20 

87.7 

0.307 

37 

2 

25 

87.6 

0.307 

37 

2 

30 

87.7 

0.307 

37 

2 

35 

87.7 

0.306 

37 

2 

40 

87.6 

0.307 

37 

2 

45 

87.5 

.  - 

0.307 

37 

2 

50 

87.5 

0.307 

37 

2 

55 

87.5 

0.306 

37 

2 

60 

87.3 

0.306 

37 

2 

65 

87.3 

-  - 

0.307 

37 

2 

70 

87.0 

-  - 

0.307 

37 

2 

75 

86.9 

0.307 

37 

2 

80 

86.8 

0.308 

37 

2 

85 

86.7 

0.308 

37 

2 

90 

86.5 

.  - 

0.308 

37 

2 

95 

86.4 

0.308 

37 

2 

100 

86.1 

-  - 

0.308 

37 

2 

105 

86.1 

0.309 

37 

2 

110 

86.0 

0.309 

37 

2 

115 

85.9 

0.309 

37 

2 

120 

85.7 

0.309 

37 

2 

125 

85,4 

0.310 

37 

2 

13C 

85.2 

0.310 

37 

2 

135 

85.2 

0.310 

37 

2 

140 

84.8 

0.311 

37 

2 

145 

84.5 

0.311 

37 

2 

150 

84.5 

0.311 

37 

2 

155 

84.3 

-  - 

0.311 

37 

2 

160 

84.1 

.  - 

0.312 

37 

2 

165 

84.0 

0.312 

37 

2 

170 

83.9 

0.312 

37 

2 

175 

83.5 

0.313 

37 

2 

180 

83.3 

0.313 

37 

2 

185 

83.0 

0.314 

37 

2 

190 

82.9 

0.314 

37 

2 

195 

82.7 

0.314 

37 

2 

1  Static  measurement. 

2  Dynamic  measurement . 
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4 .  THERMAL  PROPERTIES 


4.1.  Specific  Heat 

4.1.1.  Introduction  to  Graph 

The  available  specific  heat  (Cp)  data  from  cryogenic  temperatures  to  the 
melting  point  are  presented  in  the  figure  and  table.  Measurements  are 
available  only  on  alloys  8090  and  2090  between  123  and  598  K.  Some  of  these 
data  were  obtained  by  differential  scanning  calorimetry  to  indicate  the 
dissolution  temperature  of  precipitates  produced  by  various  aging  treatments 
and  the  formation  of  subsequent  phases.  These  are  shown  in  a  smoothed 
form, or  are  omitted^^  above  400  K.  As  shown  by  Papazian,^^  changes  in 
the  aging  treatment  move  the  position  of  the  peaks  and  valleys  along  the  curve 
to  higher  and  lower  temperatures.  Taylor^^  identified  the  peak  at  =<510  K  in 
his  specific  heat  data  as  the  melting  point  of  Li.  However,  a  peak  at  this 
position  is  not  observed  in  the  other  specific  heat  measurements  of  alloy  2090, 
and  it  seems  more  probable  that  peaks  can  be  identified  with  the  aging 
treatment.  Consult  the  original  references,  which  specify  aging  treatments, 
for  specific  heat  data  on  alloys  8090  and  2090  with  the  fine  structure  in  the 
curves  ( important  only  above  400  K) . 

At  present,  there  are  no  specific  heat  data  for  alloys  WL049  or  2219  in  the 
cryogenic  temperature  range.  The  curve  for  the  specific  heat  of  alloy  2219  vs. 
temperature  presented  in  Figure  3. 2. 6.0.  of  MIL-HDBK  5E^  appears  to  be  based 
upon  data  from  Al-alloy  2024. The  composition  of  alloy  2024  (4.5Cu, 

1.5Mg,  and  0,6Mn),  is  similar  to  the  composition  of  alloy  2219  (5.8-6.8Cu,  and 
0.2-*0.4Mn).  These  data,  labeled  2024(2219),  are  also  given  in  the  figure. 

The  specific  heat  of  an  alloy  can  be  approximated,  near  ambient  temperature, 
by  a  linear  combination  of  the  specific  heats  of  the  constituent  elements.^® 
Because  the  specific  heat  of  Li  is  about  4  times  larger  than  the  specific  heat 
of  Al,  and  about  9  times  larger  than  that  of  Cu,  the  specific  heats  of  alloys 
8090  and  2090  should  be  about  10%  higher  than  that  of  alloy  2219.  This  is 
similar  to  what  is  shown  in  the  specific  heat  figure  for  the  data  of  Sato^^  on 
alloy  8090  and  Papazian^^  on  alloy  2090.  However,  the  higher  temperature  data 
on  alloy  8090^  appear  quite  similar  to  that  of  alloy  2024(2219),  and, 
therefore,  are  probably  too  low.  Variations  in  aging  conditions  and  chemistry 
for  individual  heats  can  result  in  changes  in  the  fine  structure  of  a  specific 
heat  curve  for  Al-Li  alloys,  especially  above  ambient  temperatures.  This  could 
account  for  this  apparent  discrepancy,  and  perhaps,  also  for  one  unexpectedly 
high  value  of  specific  heat^^  at  100  'C.  More  measurements  of  the  specific 
heat  on  current  production  heats  of  Al-Li  alloys  would  be  very  desirable. 
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100  200  300  400  500 

TEMPERATURE.  K 


Specific 

Heat  of  Al 

■Li  Alloys 

and  Alloy  2219. 

Alloy 

Temp. , 
K 

Cp, 

J/kg-K 

Ref.  Alloy 

No. 

Temp . , 
K 

Cp, 

J/kg-K 

Ref. 

No. 

8090 

155 

620 

54  2090 

123 

649 

56 

200 

830 

54 

148 

720 

56 

250 

930 

54 

173 

770 

56 

* 

300 

980 

54 

198 

815 

56 

350 

1000 

54 

223 

847 

56 

400 

1030 

54 

248 

875 

56 

8090 

323 

913 

5 

273 

900 

56 

373 

934 

5 

298 

925 

56 

423 

956 

5 

325 

958 

56 

473 

980 

5 

350 

981 

56 

523 

1002 

5 

375 

1006 

56 

573 

1027 

5 

400 

1045 

56 

623 

1047 

5 

425 

1046 

56 

673 

1070 

5 

450 

1075 

56 

8090 

284 

949 

55 

540 

1068 

56 

296 

969 

55 

575 

1060 

56 

310 

985 

55 

588 

1078 

56 

329 

1005 

55  2024(2219) 

73 

469 

57 

349 

1026 

55 

123 

590 

57 

364 

1038 

55 

173 

690 

57 

383 

1051 

55 

223 

770 

57 

404 

1069 

55 

273 

828 

57 

426 

1085 

55 

373 

912 

57 

450 

1104 

55 

473 

967 

57 

472 

1120 

55 

573 

1017 

57 

501 

1141 

55  2024(2219) 

116 

565 

58 

523 

1155 

55 

144 

628 

58 

546 

1168 

55 

200 

736 

58 

566 

1181 

55 

293 

849 

58 

592 

1195 

55 

366 

908 

58 

2090 

373 

1203 

13 

478 

966 

58 

2090 

298 

970 

55 

589 

1025 

58 

323 

995 

55 

348 

1020 

55 

373 

1040 

55 

398 

1060 

55 

423 

1080 

55 

448 

1100 

55 

473 

1115 

55 

498 

1130 

55 

523 

1150 

55 

548 

1175 

55 

573 

1195 

55 

598 

1220 

55 

175 


4.2.  Thermal  Conductivity 
4.2.1.  Introduction  to  Graph 

Thermal  conductivity  (K)  data  for  alloys  8090,  2090,  and  2219  between  4  and 
573  K  are  given  in  the  accompanying  thermal  conductivity  figure  and  table.  No 
data  on  WL049  are  currently  available.  The  solid  lines  shown  in  the  figure 
represent  the  fit  of  second-order  polynomials  to  the  alloy  8090,^  alloy 
2090,^^*^^  and  alloy  2219^®  data.  The  data  of  Rule^^  appear  to  be  anomalously 
low.  However,  th'-rmal  conductivity  of  Al  alloys  at  low  temperatures  is 
composition  and  cold-work  sensitive.®^ 
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100  200  300  400  500  600 

TEMPERATURE,  K 


Thermal  Conductivity  of  Ai-Li  Alloys  and  Alloy  2219. 


Alloy 

Temp . , 
K 

K. 

W/m-K 

Ref. 

No. 

Alloy 

Temp. , 
K 

K, 

W/mK 

Ref. 

No. 

8090-T352 

11 

6.1 

5 

2090 

80 

28.8 

56 

25 

11.6 

5 

83 

35.8 

56 

50 

22.5 

5 

91 

31.9 

56 

77 

29.9 

5 

107 

35.2 

56 

100 

38.8 

5 

139 

43.4 

56 

150 

52.1 

5 

160 

46.7 

56 

200 

59.2 

5 

185 

51.9 

56 

250 

71.0 

5 

203 

55.0 

56 

276 

77.5 

5 

219 

57.6 

56 

293 

78.7 

5 

239 

61.7 

56 

8090-T8771 

141 

61.1 

5 

257 

64.4 

56 

317 

92.8 

5 

276 

67.8 

56 

404 

109. 

5 

304 

72.2 

56 

2090 

298 

87.9 

13 

319 

74.0 

56 

2090-T81 

4 

1.1 

60 

368 

81.6 

56 

8 

2.2 

60 

420 

88.5 

56 

13 

3.6 

60 

470 

89.7 

56 

23 

6.6 

60 

532 

88.5 

56 

45 

12.1 

60 

2219 

48 

44 

61 

77 

19.4 

60 

73 

56 

61 

85 

20.6 

60 

98 

71 

61 

90 

21.4 

60 

123 

77 

61 

95 

22.1 

60 

148 

85 

61 

109 

24.4 

60 

173 

93 

61 

193 

38.6 

60 

198 

100 

61 

203 

37  9 

60 

223 

107 

61 

215 

41.7 

60 

248 

113 

61 

274 

46.1 

60 

273 

117 

61 

284 

47.7 

60 

323 

128 

61 

292 

48.4 

60 

373 

133 

61 

423 

139 

61 

473 

144 

61 

523 

149 

61 

573 

154 

61 
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4.3.  Mean  Thermal  Expansion 
4.3.1.  Introduction  to  Graph 


The  figure  on  mean  thermal  expansion  presents  the  data  available  on  the 
property,  defined  as: 

AL/L-AT  -  [L(293  K)  -  L(T)]/(L(293  K)  (293  K  -  T) ] . 

Only  data  for  alloy  2219-T87  are  available  over  a  wide  temperature  range,  from 
18  to  573  K.  The  values  presented  for  alloys  8090  and  2090  are  averages 
obtained  over  the  temperature  range  Indicated  in  the  graph.  Near  293  K,  the 
quantity  AL/L-AT  becomes  less  accurate,  because  a  smaller  length  change  is 
measured.  Mean  thermal  expansion  data  for  alloy  2219  near  293  K  were 
eliminated  if  a  wide  degree  of  scatter  was  evident.  Although  only  one  set  of 
thermal  expansion  data  for  alloy  2219  is  available,  that  data  set  is  in 
reasonable  agreement  with  several  sets  of  data  for  alloy  6061  (0.6  Si,  0.27  Cu, 
1.0  Mg,  0.2  Cr)  over  a  similar  temperature  range.  The  data  are  also  presented 
in  the  thermal  expansion  table  that  follows  the  graph. 
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TEMPERATURE. 


Mean  Thermal  Expansion  of  Al-Li  Alloys  and 
Alloy  2219. 


Alloy 

Temp . , 

K 

1  AL 

L  AT, 
lO-^K-l 

Ref. 

Mo. 

8090 

258 

27.4 

5 

448 

21.4 

5 

2090 

333 

23.6 

13 

2219-T81 

18 

14.3 

61 

23 

14.6 

61 

33 

15.1 

61 

43 

15.7 

61 

53 

16.2 

61 

63 

16.7 

61 

73 

17.2 

61 

83 

17.7 

61 

93 

18.2 

61 

103 

18.6 

61 

113 

19.1 

61 

123 

19.4 

61 

133 

19.6 

61 

143 

19.9 

61 

153 

20.1 

61 

163 

20.4 

61 

173 

20.6 

61 

193 

21.0 

61 

213 

21.3 

61 

233 

21.3 

61 

253 

21.8 

61 

333 

23.5 

61 

353 

23.5 

61 

373 

23.6 

61 

393 

23.8 

61 

413 

24.0 

61 

433 

24.1 

61 

453 

24.3 

61 

473 

24.5 

61 

493 

24.7 

61 

513 

24.9 

61 

533 

25.0 

61 

553 

25.2 

61 

573 

25.4 

61 
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